Copy
RM E56K29%

NACA RM E56K29a

RESEARCH MEMORANDUM

COMPARISON OF RESULTS OF EXPERIMENTAIL AND THEORETICAL
STUDIES OF BLADE-OUTLET BOUNDARY -LAYER
CHARACTERISTICS OF STATOR BLADE FOR A

HIGH SUBSONIC MACH NUMBER TURBINE
By Cavour H. Hauser and William J. Nusbaum *

Lewis Flight Propulsion Laboratory

CLASSIFICATION CHASEER Ohio

UNCLASSIFIED LIBRARY copy

To -

— FEB 26 1957

By authority of Hlages /A3 Dit,____/_.?_:___f =z LANGLEY Aiﬁ&gg'%&:ﬁﬂumnr

ﬁ/é F w7 -7 LANGLEY vy, vIRGINIA

CLABSIFTED DOCUMERT
ooataine

of the esplonage laws, Title IB' .!ﬁa-ggmg,hmmumurmnm

manner to an

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
February 15, 1857

CONFIDENHAL
UNCLASSIFIED



4302

0 mcU%?.?"ﬂE v

NAGA. TUL BSEIZSe AT
3 1176 01436 5515
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM
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BLADE~OUTLET BOUNDARY-LAYER CHARACTERISTICS OF STATOR BLADE
FOR A HIGH SUBSONIC MACH NUMBER TURBINE

By Cavour H. Hauser and William J. Nusbaum

SUMMARY

Experimental boundary-layer-flow surveys for.a stator blade are sna-
lyzed and compared with results obtained from & theoretical enelysis.
Results of surveys of the boundary-lgyer thickness at the blade mean
radius in the plane of the blade tralling edge are compared with a theo-~
retical calculation of the momentum thickness assuining a turbulent bound-
ary layer. Also, the over-all total-pressure ratio across the stator
calculated from the mean-radius boundary-layer surveys is compared with
a value obtained from the over-sgll annular survey & short distance down-
stream of the blade row.

Although good agreement is obtained at low velocities, the measured
vaelues of boundary-layer momentum thickness from the mean-radius tralling-
edge surveys are grester than the theoretical values at the higher exit
velocities, This difference is probably due in part to inward radial
Tlow of the low-momentum boundary-layer fluid near the outer portion
of the blade.

The over-all total-pressure ratic calculated from the mean-radius
treiling-edge surveys is somewhat less than thet obtained from the annular
surveys over & range of exit critical velocity ratlo. Apperently, radiel
Inwerd flow of the low-momentum fluid neesr the blede tip caused the loss
measured at the mean radius to be greater than asn average value for the
whole blede passage. '

INTRODUCTION

In order to obtain & better understanding of the fundasmentsal nature
of the losses occurring in turbomechine blade rows, & research program is
being carried out et the NACA Lewis laborsgbory in which the results of
both theoretical and experimental studies of the boundary-layer Fflow
phenomene. of the turbine stator blade rows are snalyzed snd compared.

R UNCLASSIFIED
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In reference 1 the blade boundary-lsyef losses are described In
terms of basic parameters that may be calculated from the measured totel-
pressure losses 1n the blede wekes., The results of an experimental mean-
radius flow survey teken & few thousandths of an inch downstream of the
trailing edges of a set of tramsonic turbine stator blades are presented
in terms of the fundamental boundary-layer parsmeters in reference 2. A
method for theoretically calculating the boundary-layer thickness from
turbulent-boundary-layer theory is elso presented in the reference. The
experimental and theoretical data are in reasonsble sgreement., The re-
sults of an experimental emnular flow survey gbout 1/4 inch downstream
of the trailing edges of similar blades are presemted in reference 3. A
method 1s given for cslculating the total stator loss for known mean-

radius losses.

In the current investlgation, experimental flow surveys simillar to
those described 1n references 2 and 3 have been made for the stator used
in the two high subsonic Mech number turbines of references 4 and 5.
Theoretical calculations for the turbulent-boundary-layer thickness have
also been made using the method of reference 2,”” The method of reference
3 1s used to calculgte the three-dimensional stator loss from mesn-radius
flow surveys. The results of these experimentsl and thecoretical stator
blade-ocutlet boundary-leyer studies are presented and compared herein.

SYMBOLS

N4 aspect ratic based on mean-section chord

critical velocity of sound _ar_ gRT!, ft/sec
J -Y-+l 2

adr
c mean-section chord length, ft
E energy factor, y/6 or w¥/6%
g acceleration due to gravity, 32.17 ft/sec?
H form factor, 8/ or 5*/9*
n exponent used in describing boundary-lasyer velocity profile
P pressure factor, £/6 or E*f@*
pressure, 1b/sq in,
R gas constant, 53.35 ft-1b/(1b)(°R)

| 208
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r radius, in.
s mean-section blade spacing, It
it total temperature, °R
v gas veloclty, ft/sec
Qg mean-section stagger angle measured from axisl direction, deg
B blade-cutlet flow angle measured from axiel direction, deg
T ratlo of specific heats
boundery=-layer displacement thickness, £t
8% displacement-thickness parameter, 8/(s cos B)
e boundary-layer momentum thickness, ft
o® momentum-thickness parameter, 6/(s cos B)
g boundary-layer pressure thickness, ft
E* pressure-thickness parameter, E/(s cos B)
1 mean-section solidity
¥ boundary-leyer energy thickness, It
e eneréy—thickness parameter, ¥/ (s cos B)
Subscripts:
fs free stream
m mean
meas measured
D pressure surface
s suction surface
t tip
tot sum of suction- and pressure-surface quantitles

CoEENE,
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4] station about 1 in. upstream of stator leading edge -

1 gstation immediately downstream of stator trailing edge where
meen-radius surveys were made

la station about 1/4 in. downstream of stator tralling edge where
annular surveys were made

2 station representlng blade exlt conditions after mixing

20=%

3=-D three-dimensional
Superscript:

' total state

DESCRIPTION OF STATCOR AND EXPERIMENTAI, PROCEDURE

A detailed description of the stator blades and the method used 1in
thelr design is glven in reference 4. The stator was desligned for free-
vortex flow at the exit with a deslign exit critical velocity ratioc st
the mean section of gbout 0.91. The blade siictlon surface downstream of
the throat is stralght. There is & considergble amount of taper 1in the
axlel chord of the blade, varying from 0.89 inch at the hub section to
1.79 inches at the tip (fig. 1). Thirty blades were used, having velues
of solidity of 1.3, 1.5, and 1.6 for.the hub, mean, and tip sections,

respectively. . -

The experimental date were obtained from both mean-radlus and annulsr
surveys. The anmular surveys were taken while the turblne was running at
rotor blede speed corresponding spproximately to the point of maximum
over-all efficiency at each pressure ratlc. The instrumentation for the
mean-radius surveys required that the rotor be removed for these tests.
For all. the tests, the sbsclute inlet total pressure was mesintained at
about 50 inches of mercury (24.6 1b/sq in. abs) and the temperature was
sbout 70° F. All traverse-probe measurements for both the mean-radius
and annular surveys were transmitted to & recorder and plotted agalinst
the circumferential distance traversed by the probe. The free~stream
total conditions at the survey stations were determined by four total-
pressure probes and four thermocouples located upstresm in the plenum
chamber. The stator-inlet static pressure was messured by averaging the
readings from 12 taps, six on the inner and s1x on the outer wall of the
annulus sbout 1 inch upstream oi the stator leading edge (statlon 0, fig.
1(b)). Using the measured values of inlet static pressure, inlet total
temperature, welght flow, and annulus areas, the stator-inlet totel pres-
sure pé was calculated from equation (4) of reference 4. The inner- and
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outer-shroud static pressures at the blade exit were measured by 18 taps,
15 located in the inner shroud and three located in the outer shroud, all
sbout 1/4 inch downstream of the blade trailing edge (station la).

The mean~radius surveys consisted of clrcumferential traverses
across 1/2 blede spacing (Ilncluding one complete blade weke) with a
total-pressure probe that was alined with the flow aengle. The probe was
a single-tube hock type with a sensing element 0.015 inch wide. It was
adjusted to only a few thousandths of an Inch axisl clesrence with the
blade trailing edge (station 1). Twenty-one surveys were made over a
range of blade-exit critical velocity ratio cv/aér)fs,m,l from spproxi-

metely 0.5 to 1.1 by adjusting the blade-exit statlic pressure.

The snnular surveys conslsted of circumferentisl traverses across
approximately l%-blade spacings at each of 24 redisl statlons sbout 1/4
inch downstream from the stator blade trailing edge (station la). The
distance between radlel statione in the regions near the hub and tip was
less than that for the remainder of the blade because of the greater
varigtion of losses in those regions. Total-pressure and flow-angle
measurements were made with a cobra-type probe. A wedge~type probe was
used to meassure statlic pressure. Photogrsphs of simlilsr probes are shown
in figure 2 of reference 6. The annulsr surveys were mede at values of
mean-radius blade-exit critical velocity ratio Cw/aér)fs,m,l of 0.630,

0.757, 0.837, and 1.083.

Where the flow veloclties were supersonic, no correction was made
for the normal-shock loss of a detached bow wave shead of the probe.
The observed loss In tobtal pressure for this conditlon of operation was
probably caused by oblique shock waves 1n the blaede passage and at the
trailing edge in addition to a weskend normal-shock loss shead of the
probe, as discussed 1n reference 2. Thus, the spplication of a normal-
shock~loss correction besed on the isentropic free-stream velocity would
overcompensate for this loss. The results obtained with supersonic flow
velocities are therefore subject to error.

THEORETTICAL CALCULATIONS AND ANAT.YSIS OF DATA

Two separate analyses of the stator survey data are considered here-
in. First, the results of the mean-rsdius survey of the blade weke Just
downstream of the treiling edges (station l) are compared with a theoret-
icel calculation of the boundary-layer momentum thickness. Secondly, the
over-gll stator total-pressure ratlic ss determined by the complete annuler
surveys at station la is compared with calculated values based on the
mean-radius surveys at station 1.
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Couparison of Messured Boundary-Leyer Characteristics
wlth Theoretical Results

Several of the blade-outlet total-pressure traces over a range of
pressure ratlos are presented in figure 2. These traces were analyzed
in the seme manner as descriged iq*reference 2. The blade over-all
boundary-layer parameters i, ts Fiors Etotr 8nd Vot Were obtained

by integrating the velocity, msss flow, and totael pressure along & cir-
cumferential path across one blade pitch using equations (17) of refer-
ence 1, The free-stream totel pressure was aesumed over the portions of
the circumferential distance not covered in the surveys. Figure 2(f)
shows the relations among various momentum-thickness parameters. The
relations among the other thickness parsmeters are similar. The param-
eters Hi i, Pyots @nd Egyg Were obtained from these calculated

perameters.

The theoretical boundary-layer momentum thickness from turbulent-
boundary-leyer theory was calculated using equation (6) of refereunce 2
for velues of free-stream mean-radius blade-outlet critical velocity
ratio (v/ac':r)fs,m,l of 0.512, 0.602, 0.691, 0.782, and 0.215. The blade

surface velocity distributions for these flve points were calculated by a
three-dimensional design method (ref. 4) and sre shown in figure 3.

Use of Mean-Redius Boundary-Layer Parameters 1n Predicting
Three~Dimensional Turbine Stator Losses and Comparison
with Values Cbtalned from Annular Surveys

The method of reference 3 was used to calculate three-dimensionsal
stator losses from the results of the experimental surveys ot the blade
tralling edge at the mean radius. This method assumes that the average
momentum loss on the blade surfaces as well as that on the inner and
outer stator wells is represented by an effective momentum thilckness oc-
curring et the blade mean section. With this assumptlon, the following

reletlon was developed (eq. (4), ref. 3):

3 cos Gg\ f G40t o
e ={1l +
1,3-D ( ol ¢ Jn,1 €08 Bg,1

With this relation, along with those given by equations (5) and {8) of
reference 3 and equation (C22) of reference 1, the over-all three-
dimensional loss total-pressure ratio Pé/Pé can be calculated.

20eY
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The method used herein for calculating the boundary-layer parameters
and over-gll loss total-pressure ratio pé/pé from the anmailer surveys

at station ls is alsoc identical to that given 1n reference 3.

For the test facility used in the subject investigetion, the value
of the ratio of calculated Inlet total pressure to free-stream total
pressure as measured in the plenum chamber pé/p%s meas varied from

2

0.999 to 0.997 over the range of exit veloclities investigated.

RESULTS AND DISCUSSION

As In the previous section, the two analyses are considered sepa-
rately. The results of the theoretical calculation of the turbulent
boundary-layer thickness are first compared with the experimental date
from the mean-radius trailing-edge surveys. The results obtained from
the annular surveys of the stator are also presented. The over-all
total-pressure ratio obtained from the snnuler surveys ls compared with
that calculated from the mesn-radius survey in the plene of the blade
trailing edge.

Comparison of Measured Boundary-Leyer Characteristlcs
with Theoreticsal Results

Over-all form snd loss factors. - The three boundary-layer factors
Hiots Brors 8nd Py were evaluated for each of the mean-radius

tralling-edge surveys, and are shown as a function of the free-stream
critical velocity ratio (V/aér)fs,m,l in figure 4. The experimental

values of all three paremeters agree closely wlth the theoretical curves
for a simple~power-law veloclity profile evaluated by equations (Blz) to
(Bl4) of reference 1, using an exponent n of 1/7.

Blade surface boundary-layer momentum thickness. - The experlmentally
obtained momentum~-thickness-to-chord ratios for the blade pressure and
suction surfaces as well as the over-gll or totel value sre compared with
the theoreticelly calculated values over a range of exit free-stream crit-
ical velocity ratio In figure 5. Although there is some scgtter in the
experimentally obtalned points, there is =a slight trend toward decreased
momentum~thickness ratic with incressing exit velocity.
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Good agreement is obtained between the measured and theoretical
values of boundsry-layer momeunbum thickness at the relatively low
values of the blade-outlet free-stream critical velocity ratio of
0.50 to 0.80. However, at higher velocitles the measured values, par-
ticulerly on the blade suction surface, are somewhat higher than those
calculated thearetically. This is probsbly due in large pert to sec-
ondary flow of the low-momentum fluid in the boundery layer. Apperently,
a considerable portion of the boundary-layer fluild developed on the
outer anmulus wall and on the blade surface at radil above the blade
mean radius flows radially inward and is measured as it flows off the
blade at the mean radius. Visual evidence of such radisl inflow of
the low-momentum boundary layer along the blade suction swurface,
particularly at high Mach number levels, is presented in reference
7.

Results of Annular Surveys and Comparison with Over-All Stator _

Loss Calculated from Mean-Radlus -Surveys

The ratios of the measured total pressure Pia/Pfs meas are plotted
3

as contours in figure 6 for four values of blade-outlet critlcal velocity
ratio (V/elr)rs,m,1- There is a marked change in the distribution of

losses with increasing velocity. The area of the loss region along the
outer annulus wall is nearly constant, while the total-pressure losses in
the blade wake and in the area near the bub increase considersbly with
increasing exit veloclty. These results support the premise that there
is a radial inflow of low-momentum boundary-leyer fluid and that the
emount of radlal inflow lncreases with increasing veloclty level. This
effect would explain in part the result cobtained in the previous section
where the measured value of momentum loss at the mean radius at the
higher veloclty levels was greater than the theoretical value based on
two-dimensional theoretical analysis of the turbulent boundary layer.

For the three annular surveys at subsonle exlt veloclties, the rediel

variation of the static pressure was determined from the wall static-

pregsure taps and average readings of the exlt static pressure obtained
from the circumferential surveys at each radius. For the high-velocity
survey, for which (V/aér)fs,m,l was equal to 1.083, a linear variation

between the hub and tip wall static-pressure tap readings was assumed.
The radiel variation of velocity correspounding to these statlic pressures
and the free-stream total pressure is presented in figure 7 for the four
annular surveys.

208Y
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The redial varistions of the boundary-layer parameters Sfa and
Sia for the Ffour annular surveys are shown in figure 8. The hub losses

gre again shown to be considergbly higher than those occurring at the tip
end increase with the higher exit velocities.

The over=-all loss total-pressure ratio as determined from the annular
surveys 1s compared in figure 9 with that calculsted from the mean-radius
boundary-layer characteristics measured st station 1. The values of loss
total-pressure ratio as computed from the four annular surveys are all
somewhat higher then the values computed from mean-radius surveys. It is
likely thet radial inward flow of the low-momentum fluid nesr the blade
tip caused the loss measured at the mean radius to be grester than an
average value for the whole blade passeage.

SUMMARY OF RESULTS

Theoretical and experimental studles of the boundary-layer flow for
a turbine stator over a range of veloclities have been made. The follow-
Ing results were obtained:

l. The values of the boundery-layer form and loss fectors, Heogs
Eiots and Pgoy, calculated from mean-radius tralling-edge surveys agree

closely with theoretical values for a simple~power-lew velocity profile
having aen exponent of 1/7.

2. For exli critical velocities of gbout 0.5 to 0.6, good sgreement
was obtained between measured values of boumdsery-layer momentum thick-
ness and theoretical values calculated assuming a turbulent boundary
layer on the blade surface. At the higher velocity levels, the measured
values are higher than those calculated theoretically. It 1s probsble
that the higher measwred values were caused by inward radial flow of
low-momentum boundary~layer fluids from the outer portion of the blade.

3. The annuler surveys to obtain total-pressure contours downstream
of the stator indicate that the losses measured near the hub of the stator
are counsidergbly greater than those nesr the tip section. This effect,
which increases at higher veloclty levels, may also be due to the radiesl
inflow of low-momentum fluids slong the blade surfaces as well as in the
weke region downstream of the blade trailing edges.

4., The over-all total-pressure retio across the stator was calculasted
both from the anmilar-survey resulte and from the mean-radius-survey re-
sults assuming that the messured boundary-layer momentum loss at the mean
section could be used as the average for the whole blede passage. The
values of over-all total-pressure ratic ss calculated from the annular-
survey results are somewhat higher than the values cslculated from the
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mean-radius-survey results over the range of stator-outlet velocitiles
investigated. Apparently, radisl inward flow of the low-momentum Iluid
near the blade tip caused the loss measured at the mean section to be
greater than an average value for the whole blade passage.

lewis Plight Propulsion Leboratory
National Adviscory Committee for Aeronautics
Cleveland, Ohio, November 28, 1956
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Flow

Hub section

(e} Stator blade passsges end profiles.

Figure 1. -~ Stetor blade passeges and profiles and a skeich of
station nomenclature.
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(b) Station nomenclature.

Figure 1. - Concluded. Stator blade passages and proflles
and a sketch of station nomenclature.
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Critical velocity ratio, V/ah,
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FPigure 3. - Theoretlicael blade surface velocity distributions
at mean section,
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Critical veloelty ratio, V/ei.

1.0

.8

SR NACA RM E56K29%
R

. Buction-surface lengt
Pressure-surface leng'th]7
[

Suction surfay s
e
S
B

~
/ ~
[~
~ |
™~ l

o4

o}

r
o

.8

£ P

~
~
|
|
|
208%

-

———— Calculsted
— —— — Estimated

(c) Blade-outlet critical veloclity ratio (v/at':r)fa,m,lt 0.691.
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(@) Blede-outlet critical velocity ratio (V/“ér)fs,m,lJ 0.782. -

Figure 3. - Continued. Theoretical blade surface velocity dis-
tributions at mean sectlou.
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Critical velocity ratio, V/al,
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Figure 3. - Concluded. Theoretical blade surface velocity dis-
tributions at meen section. .
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Figure 4. - Varlation of boundary-lasyer factors wilith blade-ocutlet free-
stream critical veloclty ratio. 6Simple-veloclty-profile exponent for

theoretical curves, 1/7.
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